. TRPC1 functions as a store-operated Ca 2ϩ channel in intestinal epithelial cells and regulates early mucosal restitution after wounding.
2ϩ
entry (CCE) induced by Ca 2ϩ store depletion represents a major Ca 2ϩ influx mechanism, but the exact molecular components constituting this process remain elusive. This study determined whether canonical transient receptor potential (TRPC)1 served as a candidate protein for Ca 2ϩ -permeable channels mediating CCE in intestinal epithelial cells and played an important role in early epithelial restitution. Normal intestinal epithelial cells (the IEC-6 cell line) expressed TRPC1 and TPRC5 and displayed typical records of whole cell store-operated Ca 2ϩ currents and CCE generated by Ca 2ϩ influx after depletion of intracellular stores. Induced TRPC1 expression by stable transfection with the TRPC1 gene increased CCE and enhanced cell migration during restitution. Differentiated IEC-Cdx2L1 cells induced by forced expression of the Cdx2 gene highly expressed endogenous TRPC1 and TRPC5 and exhibited increased CCE and cell migration. Inhibition of TRPC1 expression by small interfering RNA specially targeting TRPC1 not only reduced CCE but also inhibited cell migration after wounding. These findings strongly suggest that TRPC1 functions as store-operated Ca 2ϩ channels and plays a critical role in intestinal epithelial restitution by regulating CCE and intracellular [Ca 2ϩ ]cyt. Ca 2ϩ influx; intracellular Ca 2ϩ ; voltage-gated K ϩ channels; polyamines; mucosal injury; rapid mucosal repair; canonical transient receptor potential 1 EARLY MUCOSAL RESTITUTION is an important primary repair modality in the gastrointestinal tract. Defective regulation of this process underlies diseases including stress and peptic ulcers, Crohn's disease and ulcerative colitis, mucosal injury or erosions induced by Helicobacter pylori infection, or nonsteroidal anti-inflammatory drug-induced mucosal bleeding. Mucosal restitution occurs as a consequence of intestinal epithelial cell migration to reseal superficial wounds, a process independent of cell proliferation (27, 40, 43) . This rapid mucosal reepithelialization after superficial wounds is a complex process that is highly regulated by numerous extracellular and intracellular factors, but its exact mechanism is still unclear. Our previous studies (11, 34 -37, 50) and those of others (39, 43) ] cyt is increased mainly by Ca 2ϩ influx through Ca 2ϩ -permeable channels in the plasma membrane and Ca 2ϩ release from intracellular Ca 2ϩ stores such as the endoplasmic reticulum (ER) and sarcoplasmic reticulum (SR) (14, 25, 26) . Although mobilization from intracellular stores results in a transient increase in [Ca 2ϩ ] cyt and modulates cell motility, sustained intestinal epithelial cell migration during restitution depends on extracellular Ca 2ϩ influx (11, 34 -37, 43, 50) . Ca 2ϩ entry due to store depletion is referred to as capacitative Ca 2ϩ entry (CCE) and is mediated by Ca 2ϩ -permeable channels termed store-operated Ca 2ϩ channels (SOCs). CCE through SOCs contributes to maintaining a sustained increase in [Ca 2ϩ ] cyt and the refilling of Ca 2ϩ into stores (5, 6, 25, 29, 39) . Although the participation of K v channels is critical for the control of Ca 2ϩ influx through regulation of the membrane potential (E m ) that governs the driving force for Ca 2ϩ influx during restitution, the exact channel proteins that participate in forming SOCs and mediate CCE in intestinal epithelial cells have not yet been defined. The early leads in the hunt to characterize the molecular basis of the store refilling pathway are provided by results obtained from phototransduction in Drosophila melanogaster. There are three functionally related genes initially cloned and isolated in photoreceptor cells, including the transient receptor potential (TRP) gene (24) , the TRP-like gene (31) , and the TRP-␥ gene (52) . To date, seven short mammalian cDNA homologs of Drosophila TRP channels have been identified, termed canonical TRP (TRPC)1-TRPC7 (3, 7, 19, 28, 30, 53, 54, 56) . Expression of TRPC genes in oocytes or mammalian cells results in the formation of Ca 2ϩ -permeable cation channels that are activated by release/ depletion of Ca 2ϩ from internal stores (3, 19, 28, 30, 56) , whereas inhibition of TRPC gene expression attenuates SOC currents (I soc ) and prevents the increase in [Ca 2ϩ ] cyt due to CCE (23, 55) . TRPCs have been proposed as molecular candidates for SOCs in nonexcitable cells for many years, but studies examining the functional effects induced by ectopic expression of TRPC genes have shown that characteristics of the expressed activity are distinct from those of endogenous SOC activity (23, 55) . In addition, cells transfected with TRPC cDNAs have also shown increased receptor-operated, or basal, Ca 2ϩ influx in some cases (8, 46) . These observations suggest that only a few TRPC gene products meet the functional criteria for SOCs. TRPC1, a member of the TRPC subfamily, is highly expressed in a variety of cell types including epithelial cells (18, 35, 47) . Recently, TRPC1 has been shown to function as a protein forming native SOCs and is implicated in the store-operated Ca 2ϩ influx mechanism in salivary gland cells (18) .
On the basis of the fact that normal intestinal epithelial cells lack voltage-dependent Ca 2ϩ channels (VDCC) but express TRPCs (35, 50 ), the present study tested the hypotheses that TRPC1 is a candidate protein for Ca 2ϩ -permeable channels mediating CCE in normal intestinal epithelial cells and plays an important role in early epithelial restitution after injury. First, we characterized the functional expression of TRPCs and SOCs in IEC-6 cells derived from normal rat small intestinal crypts. Second, we determined the changes in CCE and cell migration during restitution in IEC-6 cells stably transfected with TRPC1 cDNA. Finally, we investigated whether decreased expression of TRPC1 by small interfering (si)RNA targeting a specific site of the TRPC1 mRNA coding region decreased CCE and inhibited cell migration in differentiated IEC-Cdx2L1 cells that highly express endogenous TRPCs. Some of these data have been published previously in abstract form (38) .
MATERIALS AND METHODS
Materials. Disposable culture ware was purchased from Corning Glass Works (Corning, NY). Tissue culture media, isopropyl-␤-Dthiogalactopyranoside (IPTG), LipofectAMINE, and fetal bovine serum (FBS) were obtained from Invitrogen (Carlsbad, CA), and other biochemicals were obtained from Sigma (St. Louis, MO). The primary antibody, an affinity-purified rabbit polyclonal antibody against TRPC1 or TRPC5, was purchased from Alomone Laboratories (Jerusalem, Israel). Flourescein-conjugated goat anti-rabbit antibody was obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Plasmid construction and transfection. The full-length cDNA of human TRPC1 (ϳ3.8 kb) was inserted into the NotI and ApaI sites of expression vector pcDNA3.0(ϩ) (Invitrogen) with the cytomegalovirus promoter (pcDNA-TRPC1) (51) . IEC-6 cells were transfected with pcDNA-TRPC1 or pcDNA3.0(ϩ) vectors containing no TRPC1 cDNA using a LipofectAMINE kit and performed as recommended by the manufacturer (Invitrogen). After a 3-h period of incubation, the transfection medium was replaced by standard growth medium containing 5% FBS for 2 days before exposure to the selection medium. These transfected cells were selected for TRPC1 integration by incubation with selection medium containing 0.6 mg/ml G418, and clones resistant to the selection medium were isolated, cultured, and screened for TRPC1 expression by RT-PCR using specific TRPC1 primers (Table 1) and Western blot analysis with specific anti-TRPC1 antibody.
RNA interference. The siRNA that was designed to specifically cleave TRPC1 mRNA was synthesized (42, 45) and purchased from Sequitur (Natick, MA). siRNA nucleotides were screened against the GenBank database (GenBank Accession No. U31110), and no matches were found to other targeted genes. Scrambled control siRNA (C-siRNA), which had no sequence homology to any known genes, was used as the control. For each 60-mm cell culture dish, 15 l of the 20 M stock siRNA or C-siRNA were mixed with 300 l of Opti-MEM (Invitrogen). This mixture was gently added to a solution containing 15 l LipofectAMINE 2000 in 300 l Opti-MEM. The solution was incubated for 20 min at room temperature and gently overlaid onto monolayers of cells in 3 ml of medium, and cells were harvested for various assays after a 48-h incubation.
Cell culture and general experimental protocol. IEC-6 and IEC-18 cell lines were purchased from the American Type Culture Collection (ATCC) at passage 13. These two cell lines were derived from normal rat intestinal crypt cells and were developed and characterized by Quaroni et al. (32) . Stock cells were maintained in T-150 flasks in DMEM supplemented with 5% heat-inactivated FBS, 10 g/ml insulin, and 50 g/ml gentamicin sulfate. Flasks were incubated at 37°C in a humidified atmosphere of 90% air-10% CO2, and passages [15] [16] [17] [18] [19] [20] were used in the experiments. There were no significant changes of biological function and characterization of IEC-6 cells at passages 15-20 (20, 49) . The stable IEC-Cdx2L1 cells were developed and characterized by Suh and Traber (35) and were kind gifts from Dr. Peter G. Traber (Baylor College of Medicine, Houston, TX). The expression vector, the LacSwitch System (Stratagene, La Jolla, CA), was used for directing the conditional expression of the Cdx2 gene, (33, 35, 44) . The Caco-2 cell line (a human colon carcinoma cell line) was also obtained from ATCC at passage 16 and was maintained similarly to the IEC-6 cell line except that it was maintained in an atmosphere of 95% air-5% CO 2. The medium used was Eagle's MEM with 10% heat-inactivated FBS, and passages 18 -23 were used for the experiments.
In the first series of experiments, we characterized the functional expression of TRPCs and SOCs in normal IEC-6 cells. Cells were grown in control cultures for 4 days, and the monolayers were then washed three times with ice-cold Dulbecco's PBS. Different solutions were added according to the assays to be conducted. Expression of TRPC mRNAs was examined by RT-PCR analysis using various specific primers (Table 1) , whereas levels of TRPC proteins were measured by Western immunoblot analysis using specific anti-TRPC antibodies. Whole cell I soc was recorded by the patch-clamp technique (10) , and resting [Ca 2ϩ ]cyt and CCE were measured by digital cellular imaging methods (50) .
In the second series of experiments, we determined whether increased TRPC1 expression by stable transfection of the TRPC1 cDNA altered CCE and cell migration during restitution. IEC-6 cells were transfected with pcDNA-TRPC1 expression vectors, and stable clones that highly expressed TRPC1 were selected and used in this study. Cells transfected with pcDNA(ϩ) vector lacking TRPC1 cDNA served as a control. CCE generated by Ca 2ϩ influx after depletion of the Ca 2ϩ store was measured as described above, and cell migration was assayed 6 h after removal of part of the cell layers (33, 50) .
In the third series of experiments, we investigated whether inhibition of endogenous TRPC1 expression by transfection with TRPC1 siRNA decreased CCE and inhibited cell migration after wounding in differentiated IEC-Cdx2L1 cells. After cells were grown in control DMEM for 2 days, they were transfected with either TRPC1 siRNA or C-siRNA. Changes in CCE generated by Ca 2ϩ influx and cell migration were measured 48 h after the transfection.
RT-PCR. Total RNA was isolated using the RNeasy Mini Kit (Qiagen; Valencia, CA). Equal amounts of total RNA (5 g) were transcribed to synthesize single-strand cDNA with a RT-PCR kit (Invitrogen). The specific sense and antisense primers for TRPC1, TRPC2, TRPC3, TRPC4, TRPC5, TRPC6, TRPC7, L-type VDCC-␣1, and VDCC-␤1 subunits were designed from the cDNA sequences of the coding regions corresponding to the genes (Table 1) . These particular sequences were chosen on the basis of previously established specificity (10, 22) . RT-PCR was performed as described in our earlier studies (35, 50) . To quantify the PCR products (the amounts of mRNA) of TRPCs, an invariant mRNA of ␤-actin was used as an internal control. The optical densiometry (OD) values for each band on the gel were measured by a Gel Documentation System (UVP; Upland, CA), and their signals were normalized to the OD values in the ␤-actin signals.
Western blot analysis. Cell samples, placed in SDS sample buffer, were sonicated and centrifuged (12,000 rpm) at 4°C for 15 min. The supernatant from cell samples was boiled for 5 min and then subjected to electrophoresis on 7.5% SDS-PAGE gels according to Laemmli (17) . After the transfer of protein onto nitrocellulose filters, filters were incubated for 1 h in 5% nonfat dry milk in 1ϫ PBS-Tween 20 [PBS-T; 15 mM NaH2PO4, 80 mM Na2HPO4, 1.5 M NaCl (pH 7.5), and 0.5% (vol/vol) Tween 20] . Immunological evaluation was then performed for 1 h in 1% BSA-PBS-T buffer containing 1 g/ml of specific antibody against TRPC1 or TRPC5 protein. The filters were subsequently washed with 1ϫ PBS-T and incubated for 1 h with the second antibody conjugated with horseradish peroxidase for 1 h at room temperature. The immunocomplexes on the membranes were reacted for 1 min with Chemiluminiscence Reagent (NEL-100 DuPont NEN).
Electrophysiological measurements. Whole cell Isoc was recorded with an Axiopatch-1D amplifier using patch-clamp techniques (10) . Patch pipettes (2-4 M⍀) were made on a Sutter electrode puller using borosilicate glass tubes and fire polished on a Narishige microforge. Voltage stimuli were delivered from a holding potential of 0 mV using voltage steps from Ϫ120 to 0 or ϩ20 mV. Current traces recorded before the activation of SOCs was activated by passive depletion of store Ca 2ϩ using 10 mM cyclopiazonic acid (CPA). The bath (extracellular) solution for recording optimal Isoc contained (in mM) 120 Na methane sulfonate, 20 Ca 2ϩ aspartate, 0.5 3,4-diaminopyridine, 10 glucose, and 10 HEPES (pH 7.4 with methane sulfonic acid). The (intracellular) pipette solution contained (in mM) 138 Cs aspartate, 1.15 EGTA, 1 Ca(OH) 2, 2 Na2-ATP, and 10 HEPES (pH 7.2). These ionic conditions eliminated the currents through K ϩ and Cl Ϫ channels. In Ca 2ϩ -free bath solution, Ca 2ϩ aspartate was replaced by equimolar Na aspartate to maintain osmolarity.
CPA was dissolved in DMSO to make a stock solution of 30 mM. Aliquots of the stock solution were then diluted 1:3,000 into the bath solution or culture medium to make a final concentration of 10 M CPA (pH 7.4). pH values of all solutions were checked after the addition of the chemicals and readjusted to 7.4.
Measurement of [Ca 2ϩ ]cyt. Details of the digital imaging methods employed for measuring [Ca 2ϩ ]cyt have been described in our previous studies (34 -36, 50) . Briefly, either parental IEC-6 cells or IECCdx2L1 cells were plated on 25-mm coverslips and incubated in culture medium containing 3.3 M fura-2 AM for 30 -40 min at room temperature (22-24°C) under an atmosphere of 10% CO 2 in air. Fura-2 AM-loaded cells were then superfused with standard bath solution for 20 -30 min at 22-24°C to wash away extracellular dye and permit intracellular esterases to cleave cytosolic fura-2 AM into active fura-2. Fura-2 fluorescence from the cells and background fluorescence were imaged using a Nikon Diaphot microscope equipped for epifluorescence. Fluorescent images were obtained using a microchannel plate image intensifier (Amperex XX1381, Opelco; Washington, DC) coupled by fiber optics to a Pulnix charge-coupled device video camera (Stanford Photonics; Stanford, CA). Image acquisition and analysis were performed with a Metamorph Imaging System (Universal Imaging). [Ca 2ϩ ]cyt was calculated from fura-2 fluorescent emission excited at 380 and 340 nm using the ratio method (29) .
Measurement of cell migration. Migration assays were carried out as described in our earlier studies (11, 34 -37, 50) . Cells were plated at 6.25 ϫ 10 4 cells/cm 2 in DMEM plus FBS on 60-mm dishes thinly coated with Matrigel according to the manufacturer's instructions and incubated as described for stock cultures. The cells were fed on day 2, and migration was tested on day 4. To initiate migration, the cell layer was scratched with a single-edge razor blade cut to ϳ27 mm in length. The scratch was made over the diameter of the dish and extended over an area of 7-10 mm wide. The migrating cells in six contiguous 0.1-mm squares were counted at ϫ100 magnification beginning at the scratch line and extending as far out as the cells had migrated. All experiments were carried out in triplicate, and the results are reported as numbers of migrating cells per millimeter of scratch.
Statistical analysis. All data are expressed as means Ϯ SE from six dishes. PCR and autoradiographic results were repeated three times. The significance of the difference between means was determined by ANOVA. The level of significance was determined using the Duncan's multiple-range test (13) .
RESULTS

Expression of TRPC mRNAs and proteins in normal intestinal epithelial cells.
To determine the potential involvement of TRPCs in CCE in normal intestinal epithelial cells, basal expression of TRPC genes was examined in IEC-6 cells. This line of cells was used as a model, because IEC-6 cells represent normal intestinal epithelial cells (32) and are extensively used and widely accepted as an in vitro system for cell divisionindependent stage of epithelial restitution (21, 34, 35, 41, 50) . Total cellular RNAs isolated from rat brain tissue served as a positive control in this study. As shown in Fig. 1A , IEC-6 cells expressed mRNAs of TRPC1 and TRPC5, which encode Ca 2ϩ -permeable channels involved in CCE in mammalian cells (23, 29) . Although TRPC2, TRPC3, TRPC4, TRPC6, and TRPC7 were highly expressed in brain tissue, they were not detectable in IEC-6 cells by RT-PCR analysis. Consistent with our previous studies (35, 50) , IEC-6 cells did not express the pore-forming (␣ 1 ) and regulatory (␤ 1 ) subunits of VDCC, although both VDCC-␣ 1 and VDCC-␤ 1 subunits were highly expressed in rat brain tissue. Furthermore, expressed mRNAs of TRPC1 and TRPC5 in IEC-6 cells were paralleled by expression of their proteins as measured by Western blot analysis (Fig. 1B) . To extend these findings observed in IEC-6 cells, we further examined the expression of TRPC1 and TRPC5 in IEC-18 cells (another line of normal rat crypt cells) and Caco-2 cells (a line of human colon epithelial cells). As shown in Fig. 1C , both IEC-18 and Caco-2 cells also expressed TRPC1 and TRPC5 proteins. These results clearly show that TRPC1 and TRPC5 are present in intestinal epithelial cells.
SOC activity and CCE in IEC-6 cells. To determine the possibility that TRPCs are implicated in CCE generated by Ca 2ϩ influx, we examined whether the expression of TRPC1 and TRPC5 was associated with SOCs in IEC-6 cells. Activity of SOC, or I soc , is critically determined by the total number of functional SOC proteins expressed in the plasma membrane. If TRPC1 and TRPC5 encode the proteins involved in forming native SOCs, expressed proteins of TRPC1 and TRPC5, as shown in Fig. 1 , would increase SOC activity. To determine this possibility, we measured whole cell I soc in IEC-6 cells. Whole cell I soc was elicited in IEC-6 cells held at 0 mV to inactivate voltage-dependent Na 2ϩ channels and VDCCs by a series of test potentials ranging between Ϫ120 and 20 mV from a holding potential of 0 mV (which inactivates voltage-dependent Na 2ϩ channels and VDCCs). The inward currents at negative test potentials were mainly generated by Ca 2ϩ influx, and the outward currents at positive potentials were putatively generated by Cs ϩ efflux because 1) the permeability ratios for Ca 2ϩ and Na ϩ are usually on the order of 10:1 under physiological conditions with extracellular Ca 2ϩ in millimolar ranges (1, 4, 30) ; and 2) the permeability of SOCs to Na ϩ , K ϩ , and Cs ϩ is equal (15) . The results presented in Fig. 2 clearly show that the amplitude of I soc in IEC-6 cells was activated by passive depletion of store Ca 2ϩ through treatment with 10 M CPA, an inhibitor of Ca 2ϩ -Mg 2ϩ -ATPase in the ER. CPAinduced I soc in IEC-6 cells was significantly inhibited by lanthanum, a chemical inhibitor of SOCs (15, 16, 22) . Because IEC-6 cells do not express VDCCs and other TRPCs, these results suggest that expressed proteins of TRPC1 and TRPC5 subunits contribute to forming different kinds of SOCs and play a critical role in CCE in intestinal epithelial cells.
To determine if the observed SOC activity was associated with CCE, levels of [Ca 2ϩ ] cyt were measured after depletion of store Ca 2ϩ by CPA. As shown in Fig. 3 First-strand cDNAs, synthesized from total cellular RNA, were amplified with specific sense and antisense primers (see Table 1 ), and PCR-amplified products are displayed in agarose gel for TRPC1 (ϳ372 bp), TRPC2 (ϳ560 bp), TRPC3 (ϳ850 bp), TRPC4 (ϳ415 bp), TRPC5 (ϳ340 bp), TRPC6(ϳ327 bp), TRPC7 (ϳ563 bp), VDCC-␣1 (ϳ372 bp), VDCC-␤1 (ϳ549 bp), and ␤-actin (ϳ244 bp). RNA isolated from rat brain tissue served as a positive control. M, molecular mass marker. B: protein levels in cells described in A. Whole cell lysates were applied to each lane (20 g ) and subjected to electrophoresis on a 10% acrylamide gel. Levels of TRPC1 (ϳ220 kDa) and TRPC5 (ϳ95 kDa) proteins were identified by probing nitrocellulose membranes with the specific antibodies as described in MATERIALS AND METHODS. After the blot was stripped, actin (ϳ45 kDa) immunoblotting was performed as an internal control for equal loading. ] cyt (data not shown) because IEC-6 cells did not express VDCCs (35, 50) . Taken together, these findings indicate that normal intestinal epithelial cells express TRPC1 and TRPC5, which are paralleled by CCE generated by Ca 2ϩ influx through SOCs. Ectopic expression of the TRPC1 gene increases CCE. To further define the role of TRPCs in CCE in intestinal epithelial cells, stable TRPC1-transfected IEC-6 cells (TRPC1-transfected IEC cells) were developed and characterized. The expression vector encoding the full-length cDNA of human TRPC1 under the control of the cytomegalovirus promoter was constructed (Fig. 4A) . The results presented in Fig. 4B show that four clones that were resistant to the selection medium containing 0.6 mg/ml G418 highly expressed TRPC1 mRNA and protein. Levels of TRPC1 mRNA and protein were approximately fivefold the value of parental IEC-6 cells. There were no significant differences in levels of TRPC1 mRNA and protein between parental IEC-6 cells and the clone that was transfected with the control vector containing no TRPC1 cDNA (null) but also exposed to the same dose of G418.
Consistently, these stable TRPC1-transfected IEC cells were associated with a significant increase in levels of CCE (Fig. 5) . Although resting [Ca 2ϩ ] cyt and transient Ca 2ϩ release from the store depletion were unchanged, sustained Ca 2ϩ influx through CCE after Ca 2ϩ store depletion was increased by approximately twofold in TRPC1-transfected IEC cells (TRPC1-C1 and TRPC1-C2). Importantly, the patterns of increased Ca 2ϩ influx activity associated with TRPC1 expression displayed characteristics identical to endogenous SOCs in parental IEC-6 cells. We also examined changes in CCE in other TRPC1 independently transfected clones such as TRPC1-C3 and TRPC1-C4 and demonstrated that levels of Ca 2ϩ influx through SOCs were similar to those observed in TRPC1-C1 and TRPC1-C2. These findings indicate that TRPC1 is implicated in CCE in intestinal epithelial cells and provide a fundamental basis for studies to define the role of TRPC1 in intestinal epithelial restitution after wounding.
Stable TRPC1-transfected IEC cells exhibit increased migration after wounding.
To determine the effect of forced expression of the TRPC1 gene on early rapid mucosal repair after injury, an in vitro model that mimics the early cell division-independent stages of epithelial restitution was used, as described in our previous studies (34, 35, 50) and those of others (21, 41) . As shown in Fig. 6 , the migration rate of stable TRPC1-transfected IEC cells increased significantly during restitution after wounding. The numbers of cell migrating over the wounded edge in TRPC1-transfected IEC cells were increased by ϳ50% compared with parental IEC-6 cells that were transfected with the null vector after wounding. Increased migration in TRPC1-transfected IEC cells is not simply due to clonal variation, because identical results were observed when four independently transfected clones (TRPC1-C1, TRPC1-C2, TRPC1-C3, and TRPC1-C4) were analyzed. These findings demonstrate that increased TRPC1 and the resultant induction of CCE in stable TRPC1-transfected IEC cells increase intestinal epithelial cell migration during restitution.
Changes in TRPC expression and CCE in differentiated IEC-Cdx2L1 cells. It has been shown that forced expression of the cdx2 gene in IEC-6 cells induces the development of a differentiated phenotype (33, 44) . These differentiated IECCdx2L1 cells were polarized, exhibited multiple morphological characteristics of villus-type enterocytes, and also expressed brush-border enzymes such as sucrase-isomaltase (data not shown). As shown in Fig. 7A ,a, differentiated IEC-Cdx2L1 cells expressed higher basal levels of TRPC1 and TRPC5 than parental IEC-6 cells. mRNA levels of TRPC1 and TRPC5 in differentiated IEC-Cdx2L1 cells were ϳ4.6-and ϳ1.6-fold greater, respectively, than those of parental IEC-6 cells. Increased levels of TRPC1 and TRPC5 mRNAs were paralleled by increases in their proteins (Fig. 7B,b) . Levels of TRPC1 and TRPC5 proteins in differentiated IEC-Cdx2L1 cells were ϳ5.2 and ϳ1.5 times greater than those in parental IEC-6 cells. In addition, increased expression of TRPCs in IEC-Cdx2L1 cells did not result from clonal variation, because similar results were observed when another Cdx2-transfected clone, the IECCdx2L2 line, was analyzed (data not shown).
The high levels of TRPC expression in differentiated IECCdx2L1 cells were associated with significant increases in both IEC-6 cells were transfected with the TRPC1 expression vector by the LipofectAMINE technique, and clones resistant to the selection medium containing 0.6 mg/ml G418 were isolated and screened for TRPC1 expression by RT-PCR and Western blot analysis. Total RNA and whole cell lysates from each stable TRPC1-transfected clone (C1 and C2) and cells transfected with the null vector (control) were harvested, and levels of TRPC1 mRNA and protein were measured by RT-PCR and Western immunoblot analysis. Actin mRNA and protein were examined as internal controls for equal loading. Three separate experiments were performed that showed similar results. resting [Ca 2ϩ ] cyt and the amplitude of CCE (Fig. 7, B and C ] cyt induced by CCE were ϳ1,255 Ϯ 61 nM in differentiated IEC-Cdx2L1 cells and ϳ690 Ϯ 33 nM in parental IEC-6 cells. Furthermore, increased CCE in differentiated IEC-Cdx2L1 cells was associated with a significant increase in cell migration after wounding. The numbers of cells migrating over the wounded edge in differentiated IECCdx2L1 cells were almost four times that of parental IEC-6 cells at 6 h after wounding (from 105 Ϯ 5 cells/mm in IEC-6 cells to 412 Ϯ 12 cells/mm in IEC-Cdx2L1 cells). These results strongly suggest that increased expression of TRPC1 and TRPC5 in differentiated IEC-Cdx2L1 cells are implicated in the increase in CCE and play an important role in the stimulation of cell migration after wounding.
Effect of inhibition of endogenous TRPC1 expression on CCE and cell migration. Because differentiated IEC-Cdx2L1 cells are associated with a high expression of endogenous TRPCs and increased CCE, they provide an excellent model for the present study. To determine the roles of TRPCs in CCE and epithelial restitution, siRNA nucleotides complementary to TRPC1 mRNA were used to specially block endogenous TRPC1 in differentiated IEC-Cdx2L1 cells. These specific siRNA nucleotides were designed to cleave rat TRPC1 mRNA by activating endogenous RNase H and have a unique combination of specificity, efficacy, and reduced toxicity (45) . Initially, we determined the transfection efficiency of siRNA nucleotides in differentiated IEC-Cdx2L1 cells and demonstrated that Ͼ95% of cells were positive when they were transfected with fluorescent FITC-conjugated C-siRNA for 24 h (data not shown). As shown in Fig. 8 , exposure to TRPC1 siRNA dramatically decreased the levels of TRPC1 mRNA and protein in differentiated IEC-Cdx2L1 cells. Levels of TRPC1 protein were decreased by ϳ80% when cells were exposed to siRNA nucleotides for 24 or 48 h. Transfection with C-siRNA at the same concentrations showed no inhibitory effects. In addition, neither TRPC1 siRNA nor C-siRNA affected cell viability as measured by trypan blue staining (data not shown).
Decreased levels of TRPC1 by the transfection with TRPC1 siRNA inhibited CCE due to store depletion and decreased cell migration after wounding in differentiated IEC-Cdx2L1 cells. The increase in [Ca 2ϩ ] cyt due to CPA-induced CCE in cells treated with TRPC1 siRNA was decreased by ϳ60% (Fig. 9) . Furthermore, inhibition of TRPC1 expression and the subsequent decrease in CCE by TRPC1 siRNA also impaired intestinal epithelial restitution after wounding (Fig. 10) . The number of cell migrating over the denuded area in cells transfected with TRPC1 siRNA was decreased by ϳ27% 6 h after wounding compared with that observed in IEC-Cdx2L1 cells transfected with C-siRNA. C-siRNA had no effects on both CCE (Fig. 9 ) and cell migration (Fig. 10) . These findings strongly suggest that TRPCs play a critical role in the stimulation of cell migration after wounding. Fig. 8 . Effect of treatment with small interfering (si)RNA targeting the TRPC1 mRNA coding region (siTRPC1) on levels of TRPC1 mRNA (A) and protein (B) in differentiated IEC-Cdx2L1 cells as described in Fig. 7 . Differentiated IEC-Cdx2L1 cells were transfected with either control siRNA (C-siRNA) or siTRPC1 at the concentration of 0.5 g/ml by the LipofectAMINE technique. Total RNA and whole cell lysates were harvested 24 and 48 h after transfection, and levels of TRPC1 mRNA and protein were measured by RT-PCR and Western immunoblot analysis, respectively. Actin mRNA and immunoblotting assays were performed as internal controls for equal loading. Three separate experiments were performed that showed similar results. 
DISCUSSION
[Ca 2ϩ ] cyt regulates distinct biological functions in a variety of excitable and nonexcitable cells. Ca 2ϩ homeostasis is a dynamic process involving Ca 2ϩ entry, release from internal Ca 2ϩ stores, and store refilling (5, 6, 29) . This complex process is cell type dependent and highly controlled by numerous factors. There are at least three classes of Ca 2ϩ -permeable channels functionally expressed in the plasma membrane in mammalian cells: 1) VDCCs, which are regulated by E m ; 2) receptor-operated Ca 2ϩ channels, which are regulated by binding ligands with their respective receptors; and 3) SOCs, which are regulated by the capacity of Ca 2ϩ in the ER (2, 29, 46) . Excitable cells, such as neurons and muscle cells, highly express VDCCs that are activated by membrane depolarization, leading to an increase in [Ca 2ϩ ] cyt . In contrast, nonexcitable cells, including intestinal epithelial cells, do not express VDCC (46) . Ca 2ϩ influx in nonexcitable cells depends on both the Ca 2ϩ driving force (the electrochemical gradient across the plasma membrane) and the activity of specific Ca 2ϩ -permeable channels that are activated by receptor activation and store depletion (2, 46) . Because [Ca 2ϩ ] o is maintained stably at 1.6 -1.8 mM, which is ϳ10,000-to 20,000-fold higher than the resting [Ca 2ϩ ] cyt (50 -150 nM) under physiological conditions, Ca 2ϩ influx is critical for the maintenance of [Ca 2ϩ ] cyt in a variety of nonexcitable cell types (2, 8, 9, 29, 46 ).
An increasing body of evidence indicates that CCE generated by Ca 2ϩ influx through SOCs is a critical mechanism involved in maintaining sustained increases in [Ca 2ϩ ] cyt and in refilling Ca 2ϩ into the ER in nonexcitable cells (2, 8, 46) . However, the data presently available do not provide any convincing evidence linking the localization and expression of TRPC proteins with the SOC function in intestinal epithelial cells. The present study clearly shows that intestinal epithelial cells expressed TRPC1 and TPRC5 (Fig. 1) and exhibited the typical I soc and CCE resulting from the Ca 2ϩ influx after depletion of the Ca 2ϩ store by CPA (Figs. 2 and 3) . Inhibition of I soc by lanthanum was associated with an apparent decrease in CCE, suggesting that CCE by Ca 2ϩ influx is mediated through SOCs in IEC-6 cells. Furthermore, IEC-6 cells stably transfected with TRPC1 cDNA expressed higher levels of TRPC1 (Fig. 4) and displayed a significant increase in CCE generated by Ca 2ϩ influx (Fig. 5 ). This induction of CCE did not result from an increase in the basal Ca 2ϩ permeability of the cells, because there were no differences in basal levels of [Ca 2ϩ ] cyt between stable TRPC1-transfected IEC cells and parental IEC-6 cells (Fig. 5) . Because the characteristics of Ca 2ϩ influx in stable TRPC1-transfected IEC cells were similar to those of SOC activity observed in parental IEC-6 cells, these results show, for the first time, an association between the levels of TRPC1 protein and CCE and strongly suggest that TRPC1 is a candidate protein for the SOC mechanism in normal intestinal epithelial cells.
The association between TRPC1 expression and SOCs in IEC-6 cells is further supported by our demonstration that transfection of differentiated IEC-Cdx2L1 cells with TRPC1 siRNA resulted in a decrease in endogenous TRPC1 and a significant attenuation of CCE. IEC-Cdx2L1 cells were chosen in this study based on the following reasons: 1) this line of cells represents another normal intestinal epithelial cell line that is associated with a differentiated phonotype (44); 2) differentiated IEC-Cdx2L1 cells highly express endogenous TRPCs and display higher CCE compared with parental IEC-6 cells (Fig.  7) ; and 3) they exhibit increased cell migration after wounding (33, 35) . As shown in Figs. 8 and 9 , specific inhibition of TRPC1 alone by transfection with TRPC1 siRNA dramatically decreased levels of [Ca 2ϩ ] cyt due to the reduction of CPAinduced CCE, suggesting that TRPC1 is a predominant heterotetrameric subunit for the composition of the native SOC in intestinal epithelial cells. On the basis of our interesting findings showing that forced expression of the TRPC1 gene increased CCE in IEC-6 cells and that decreased levels of endogenous TRPC1 inhibited CCE in differentiated IECCdx2L1 cells, it is strongly suggested that TRPC1 functions as the SOC and is implicated in the SOC mechanism of intestinal epithelial cells. Consistent with our current findings, Liu et al. (18) have recently reported that TRPC1 is involved in storeoperated Ca 2ϩ influx in salivary gland cells. Although the exact mechanism by which TRPC1 is activated after depletion of the Ca 2ϩ store remains unknown, it has been shown that TRPC1-associated SOC activity in salivary gland cells is independent of the formation of phosphatidylinositol (4,5)-bisphosphate and inositol (1,4,5)-trisphosphate (18, 57) .
The most significant of the new findings reported in this study, however, is that TRPC1 plays an important role in the stimulation of intestinal epithelial cell migration during restitution by regulating [Ca 2ϩ ] cyt through CCE. As shown in Figs. 5 and 6, forced expression of the TRPC1 gene by stable transfection with TRPC1 cDNA not only increased levels of CCE but also enhanced cell migration over the denuded area after wounding. Because increased cell migration in stable TRPC1-transfected IEC cells was observed in all four independent transfected clones, it is suggested that the increase in cell migration must be related to the induction of TRPC1-associated CCE rather than to clonal variation. The results presented in Figs. 9 and 10 further indicate that decreased levels of endogenous TRPC1 by transfection with TRPC1 siRNA reduced CCE in differentiated IEC-Cdx2L1 cells, which was associated a significant inhibition of cell migration after wounding. These findings are consistent with our previous studies (11, 12, 34 -37, 50) and others (40, 43) , which have demonstrated that a constant influx of Ca 2ϩ from extracellular fluid to the cytosol is absolutely required for the stimulation of intestinal epithelial cell migration during restitution. However, the present study provides novel information showing that TRPC1 activity plays a critical role in the elevation of [Ca 2ϩ ] cyt by increasing CCE through SOCs after wounding in intestinal epithelial cells.
The exact cellular signal leading to the activation of SOCs during intestinal epithelial restitution remains to be elucidated. The present study suggests that the product of the TRPC1 gene is the molecule mediating Ca 2ϩ influx into the cytosol in normal intestinal epithelial cells. However, the signal that regulates expression of the TRPC1 gene or is transmitted from the internal Ca 2ϩ store to the plasma membrane to trigger activation of SOCs after wounding is still unknown. Our previous studies (11, 33-37, 48, 50) and those of others (21, 41) have demonstrated that cellular polyamines regulate intestinal epithelial restitution in vivo as well as in vitro and that polyamines are required for the stimulation of cell migration during restitution by modulating [Ca 2ϩ ] cyt homeostasis. Levels of cellular polyamines are rapidly increased after wounding, and depletion of cellular polyamines decreases [Ca 2ϩ ] cyt due to the reduction of CCE (33) (34) (35) 50) . Polyamine depletion inhibits expression of K v channel proteins and decreased activity of K v channels, thus resulting in membrane depolarization in intestinal epithelial cells (35, 50) . This depolarized E m in polyamine-deficient cells significantly contributes to the decrease in [Ca 2ϩ ] cyt because it greatly reduces the driving force for Ca 2ϩ influx. It is not clear at present that cellular polyamines are implicated in the expression and activation of TRPC1 in intestinal epithelial cells after wounding. In summary, the present study demonstrates that TRPC proteins, especially TRPC1 and TRPC5, are endogenously present in intestinal epithelial cells, which are associated with typical I soc and CCE. Stable expression of TRPC1 cDNA in IEC-6 cells increases levels of TRPC1 protein and induces an increase in SOCs. Increased Ca 2ϩ influx activity in stable TRPC1-transfected IEC cells displays characteristics similar to the endogenous SOC in parental IEC-6 cells. Specific inhibition of TRPC1 expression by transfection with TRPC1 siRNA prevents the increase in SOCs in differentiated IEC-Cdx2L1 cells. Importantly, this study provides evidence indicating that TRPC1 plays a critical role in intestinal epithelial restitution after injury by regulating CCE and [Ca 2ϩ ] cyt . Stable TRPC1-transfected IEC cells exhibit increased cell migration during restitution, whereas decreased levels of TRPC1 inhibited cell migration after wounding. These findings strongly suggest that TRPC1 functions as a SOC in intestinal epithelial cells and is implicated in the regulation of mucosal restitution under various biological and pathological conditions. 
